INTRODUCTION
Our society is heavily dependent on fossil fuels for the production of energy. Coal is widely available and is a cost effective source of energy. Although its combustion releases an excessive amount of CO 2, it is still considered a viable resource. Global population is expected to increase from seven to nine billion by 2050. As the global population grows, so will the demand for energy. Therefore, anthropogenic CO 2 emissions, the main cause of global warming, are going to increase substantially. To tackle both problems of global warming and consequently climate change CO 2 emissions have to be reduced. The novel concept of carbon capture and sequestration technologies are applied to large point sources, namely power plants. To reach the goal of decreasing GHG emissions the overal efficiency of the power plant is reduced and emissions of other pollutants, such as NO x , SO 2 , and PMs, among others are increased. For a comprehensive comparative assessment of the environmental performance of these CCS technologies Life Cycle Assessment is fundamental. The general framework for power plants and CCS systems is expressed by:
• The foreground system -consists of fuel combustion in the power plant, the capture process, transport and storage of CO 2 .
• Pipeline transport -requires construction, maintenance, dismantling, and monitoring of the pipeline.
• Geological storage -Storage mainly requires well drilling, CO 2 injection, and monitoring [1] . CCS technologies can be applied to coal -, gas-and biomassfueled sector, as well as to cement production plants. CCS has already been applied in upstream oil and gas sectors for many years. At the present time, six megatons of CO 2 are injected into geological formations yearly [1] . CCS is a resource intensive process, which requires additional energy, chemicals and infrastructures. Furthermore, CCS may induce other environmental impacts that have to be recognized. In order to determine these impacts, Life Cycle Assessment (LCA) approach is considered to be a suitable method. The literature sources show that since the year 2000, several LCA studies of CCS were undertaken excluding enhanced oil and gas recovery [2] . This paper reviews the recently published LCA studies of CCS technologies, since the year 2000, taking in to consideration their environmental performance and social acceptance. Moreover, it provides a matrix for the preparation of an LCA study of a technology of 'high-temperature sorption of CO 2 from exhaust flue gases using carbonate loop' in a pulverized brown coal fired power plant.
I. CARBON CAPTURE AND STORAGE TECHNOLOGIES
The three capture and storage technologies are commonly known in a global energy research: 1. Post-combustion -the CO 2 is separated from the fuel gas following the combustion 2. Pre-combustion -the CO 2 separated from the fuel gas following the gasification process 3. Oxyfuel -the fuel is burnt in oxygen rather than air, so the combustion products are mainly CO 2 and water [1] .
A. Post-combustion capture
According to several literature sources, post-combustion ( Fig.1) technology is the most promising technology of CCS.
The treated fuel gas goes through a chemical absorption column where the solvent takes up the CO 2 . Afterwards, the CO 2 -rich solvent is regenerated in a stripper unit by heating. The CO 2 product is dried and compressed, supplied to the pipeline, and transported. For a system with CO 2 capture, 90% of the CO 2 is assumed to be captured using monoethanolamine (MEA) as a solvent with co-capture of SO 2 , NO 2 , and particulates. Even though it is the most widely used CCS technology, its main limitation is the large volume of flue gas that has to be treated. Therefore, the large-scale equipment needed for the purification of the flue gas results in a costly investment [2] . 
B. Pre-combustion capture
In this type of CCS technology (Fig. 2 ) the CO 2 is removed from the fuel prior to the combustion. Steam and oxygen are added to the primary fuel to produce hydrogen and carbon monoxide as final products. This step is then followed by the 'shift' reaction to convert CO to CO 2 by the addition of steam. CO 2 is removed from the CO 2 /H 2 gas mixture, and the hydrogen is supplied to the combined cycle power plant. The fuel conversion is more complex than that involved in post-combustion processes, making the technology more complex to apply to existing power plants. A net efficiency of 44.1% is assumed for the plant. For precombustion systems with CO 2 capture, 90% of the CO 2 is assumed to be captured using selexol. The efficiency loss due to the 'water-gas-shift' reaction and solvent circulation is assumed to be 6.5% [2] . Figure 2 Pre combustion technology [8] C. Oxyfuel capture In a typical oxyfuel combustion process (Fig. 3) , the fuel is combusted into either pure oxygen or O 2 /CO 2 mixtures in order to eliminate nitrogen from the flue gas. The flue gas consists mainly of CO 2 and water vapor with an excess of oxygen. In the cooling step, after the water vapor condensation flue gas contains about 80-98% CO 2 .This leaves the captured CO 2 to be compressed and dehydrated. The CO 2 is then ready to be transported and stored. It is assumed that 90% of CO 2 is captured by condensation and separation. Afterwards, it is compressed, dried, and further purified before being delivered to the pipeline [3] . 
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II. LIFE CYCLE ASSESSMENT AND CARBON CAPTURE AND
STORAGE
Life Cycle Assessment is a strong tool to analyze the environmental aspects and impacts of production processes, such as energy production. The international standards ISO 14040 and 14044 define the LCA method that is a cradle-tograve analysis. Generally, its objective is to preform comparisons of technological processes focusing on their environmental performances. It is essential to include all the phases in the products lifetime, as well as a holistic understanding of the process and the environmental impacts associated with it [9] . Figure 4 Life Cycle Assessment framework [9] LCA can be divided into four blocks: Goal and scope definition, inventory analysis, impact assessment and interpretation (Fig. 4) .
a) Goal and scope definition The definition of goal and scope must be present in the LCA study as the first component. The crucial concepts of the study are described in the framework of the standard. The goal and scope must be consistent with the intended application of the assessment. The scope includes the system boundaries and the level of detail of the LCA, which depends on the subject of the study. The goal of the LCA determines the depth of the study.
b) Inventory Analysis Life Cycle Inventory analysis (LCI) is the second phase of an LCA. In this phase data is collected and the construction of the settled model is started. LCI is an inventory of input-output data, and the calculations of the resources used and emissions released within the process are performed in relation to a functional unit set beforehand [10] . Data for pulverized hard coal and lignite plants, including their operation, is obtained from the "Final Report on Technical Data, Costs and Life Cycle Inventories of Advanced Fossil Power Generation Systems" [11] . Data for the infrastructure and operation for natural gas combined cycle (NGCC) is obtained from EcoInvent database and the "Final Report on Technical Data, Costs and Life Cycle Inventories of Advanced Fossil Power Generation Systems". The electric capacities, expected full load hours, lifetime of power plants and efficiency penalties due to the use of CCS technologies are estimated based on data from the Organization for Economic Co-operation and Development (OECD), the International Energy Agency (IEA) and on the "Final Report on Technical Data, Costs and Life Cycle Inventories of Advanced Fossil Power Generation Systems" [10, 11] . GHG emissions are calculated using IPCC 2007 method, and further environmental burdens are calculated using ReCiPe method.
c) Impact assessment Life cycle impact assessment (LCIA) correlates a wide number of potential impacts with resource extraction and waste/emissions of the inventory. These results offer additional information to the LCI results and help understanding the environmental significance of the whole system. All the results are correlated to the preset functional unit and in terms of impact categories, such as global warming potential, acidification potential, land use, resource use, etc [10] .
d) Interpretation Life cycle interpretation occurs in every stage of the LCA and often includes sensitivity analysis. During the interpretation phase the results of the LCI or LCIA are summarized and discussed in accordance to the goal and scope definition [10] .
A. CCS technologies in LCA approach
The goal of the CCS is to capture GHG emissions and to prevent them from reentering the atmosphere by storing them permanently in geological reservoirs underground. Therefore, the main environmental goal of a CCS development is to reduce the impact of GHG on humans and on the environment over its entire life cycle (construction and operation). Because CCS is a technology used to reduce GHG emissions, the two major impact categories to be considered are GHG emission (carbon emissions) and energy consumption, namely, nonrenewable energy (NRE) consumption. Generally, the scope of an LCA approach consists of the system boundaries definition. This definition describes the processes included and excluded from the LCA in order to determine whether a full-or partial life cycle analysis should be performed. Twenty-six literature sources from Corstens paper have divided the systems boundaries of CCS technologies into two levels [4] The literature shows that CCS systems imply lower impacts for certain categories but on the other hand it raises concerns, mainly, for toxicity and eutrophication. The most common functional unit of all investigated systems is 1 kWh of electricity generation. However, some studies use other functional units, such as, 1 MJ output or 1 t CO 2 injected [4] . The majority of the studies published were about postcombustion CCS systems. Applying the normalization step of data in order to gain the relative importance of an effect on the environment completes the impact assessment. There is a considerable reduction in GHP (CO 2 equivalents) by application of CO 2 capture technologies. However, it is noticeable that in the life cycle the reduction rates are significantly lower than the CO 2 capture rates at the power plants. The CCS systems reduce the life cycle of GHG emissions by 74-78% for coal power plants and 64-73% for natural gas power plants [2, 3] . Direct emissions of CO 2 at the power plant without CO 2 capture contribute for more than 90% of life cycle of GHG emissions in the case of coal and more than 82% in the case of natural gas. The remaining CO 2 eqv in the CCS chain are mainly emitted in the fuel supply chain. Direct emissions are dominated in the coal mining process for coal systems and in gas production and transportation for natural gas systems. MEA production and waste disposal are also contributing to environmental impacts of post-combustion CCS systems. A primary infrastructural requirement (power plant, fuel production, and transport and storage infrastructure) contributes about 7-9% of the life cycle GWP impact for different CCS systems [3] .
B. LCA results for different CCS technologies
The above three mentioned CCS technologies exhibit the different principles of operation. This can cause different environmental impacts and contributions. The fuel supply chain of power plants is one of the factors for the different range of environmental impacts. For the Czech Republic, the most relevant comparison between power plants in the CCS technologies application field are coal-fired power plants versus natural gas -fired power plants.
1) Post combustion system The designed 90% CO 2 capture efficiency for post-combustion CCS results in a net reduction of 74% and 68% GWP for coal for natural gas CCS systems respectively. The coal CCS system results in an overall reduction of 13% of acidification potential (TAP), SO 2 , NO x emissions from combustion. It is a consequence of the capture process and partly a denitrification process of flue gas treatment. The results show that NH 3 emissions contribute to 42% of the life cycle acidification potential from coal CCS system. On the other hand, postcombustion CCS systems show a significant increase in eutrophication potential as well as in various toxicity potentials. The results show an increase of 136% for the coal CCS system and 200% for the natural gas CCS system concerning FEP. The main contribution to the category of toxicity is generally associated with the infrastructure requirements and heavy metal emissions associated with the material production [3] . The overall increase in the impact categories of postcombustion CCS is influenced by two aspects:
• Organic emissions (mainly ethylene oxide emissions from MEA supply) into air and water • Heavy metals and some phosphate emissions into the water from landfill leachates of hazardous waste and coal ash. MEA generally contributes to an increase of the impacts in most categories. This is caused by the high-energy penalty and the production of chemical solvents. Ammonia emissions during MEA production increase AP and EP. Degradation of MEA contributes to formation of NH 3 . When scrubbing the solvents that are used in the process, typically increase the toxicological impacts on humans and the environment. Another aspect of MEA solvent is production of heat-stable salts from the reaction with Sulphur dioxide and nitrogen dioxide. These salts reduce the CO 2 absorption capacity of the solvent and lead to solvent losses. In order to prevent the formation of these heat-stable salts, it is necessary to add activated carbon and caustic soda (NaOH) to the solvent [5] . Natural gas power plants without CCS result in a much lower absolute GWP than coal plants. The share of global GWP with CCS results in 1%. The increase in the acidiphication and eutrophication potential with POCP is mostly in a range between 15 and 50% [6] .
2) Pre combustion system Pre-combustion CCS reduces 78% GWP from coal and 64% from natural gas systems. However, these systems result in substantially higher freshwater eutrophication impacts and all toxicity impacts are higher when compared to the systems without CCS. The main contributing processes for freshwater eutrophication potential are the development of infrastructures for the fuel production chain, transport and storage systems (causing 91% for coal and 99% for natural gas systems). The main influencing aspects are the disposal of solid waste from steel manufacturing process [3] .
3) Oxyfuel capture The oxyfuel CCS systems reduce the global warming impact by 76% for coal combustion system, and with a high capture efficiency of 96% results in a 73% reduction of GWP for natural gas oxyfuel CCS system. Oxyfuel CCS also exhibit a considerable increase in freshwater eutrophication and toxicity potentials. FEP scores show an increase of about 60% for the coal and 100% for natural gas systems. In addition, oxyfuel systems contribute to an increase in human health impact category. It is a consequence of not reducing the particulates fraction and SO 2 emissions [5] . plants [7] The environmental impact can be assessed by different operational cycle's point of view. It is assumed a division of three power plants:
Pulverized coal plants (PC) 2. Integrated coal gasification combined cycle (IGCC) plants 3. Combined cycle gas turbine plants (CCGT)
The GWP for three different types of plants with different working cycles are shown on the Fig 5. The results on the figure show that the greatest GWP reductions (up to 82%) can be achieved by oxy-fuel combustion in PC and in plants with IGCC. The lowest GWP reduction is indicated by postcombustion capture in CCGT. In PC and IPCC plants, the consequence of CCS implementation leads to an increase of eutrophication and acidification levels. It is due to higher emissions of SO 2 and NO x . Another consequence of CCS deployment in coal-fired plants is an increase of fresh water, aquatic ecotoxicity, and terrestrial ecotoxicity. CCGT plants emit very low levels of SO 2 , NO x , particulate and metals. This leads to lower values of acidiphication, POPC, fresh water, aquatic and terrestrial ecotoxicity [4] .
C. Factors mainly affecting environmental impacts and
uncertainties LCA is a powerful tool that allows the comparison of the environmental performance between products and or processes covering the complete production and value chains. CCS is applied to reduce the CO 2 emissions; therefore it tackles the adverse effects of the global warming. Though it is fundamental that the use of this kind of technology will not shift the environmental burdens, which would lead to a reduction of the final propose [10] .
1) Type of power plants From the literature survey it can be concluded that the type of coal combusted in coal-fired power plant influences the results, particularly for global warming potential and photochemical oxidation potential. The highest CO 2 emission factors and lowest plant efficiencies are typical from lignite-fired power plants. This kind of power plant results in about 10% higher GHG emissions than hard coal-fired plants [4] . Based on the article 'life cycle assessment of carbon capture and storage in power generation and industry in Europe', the cement plant production was modeled based on a plant in Switzerland. The inventory data was obtained from the EcoInvent 2 database. In cement plants, it is possible to produce electric energy onsite using the waste heat. Because energy is produced onsite the energy demand for the CCS unit, for CO 2 capture and compression, was decreased in 18.7%. Due to the use of waste heat (steam) from electricity production the demand for external heat for CO 2 capture decrease in 2.4%. In the cement plants the energy required for the CO 2 capture and compression is not expressed in terms of efficiency penalties as in the power plants but in terms of additional energy requirements [10] .
2) Transport Power plant efficiency and capture rates affect CO 2 transport and storage. Lower efficiency and higher capture rates require more CO 2 to be captured. The injection depth and storage site also have a significant impact on the energy demand. The energy demand for CO 2 injection and storage in a depleted gas field (2500 m deep) is higher than for a saline aquifer (800 m deep). LCA results show that length of the pipeline has the smallest effect [2] .
3) Infrastructure The whole CCS system requirements (power plant construction and operation, fuel production, transport and storage) cause 99% and 43% of FEP for the natural gas and coal systems respectively. Similarly, the toxicity potentials show an increase of 38-67% for coal and of 63-103% for natural gas systems. Toxicity potentials in various categories are influenced by infrastructure development of the facilities. Fuel production, direct emission from the power plant, and waste treatment are major contributors to the other impacts. The contribution from fuel transport per unit of fuel supply is typically higher for the coal supply (30-60%) as compared to natural gas (15-30%) for most of the impacts. As mentioned above, the MEA production in post-combustion CCS systems also has a substantial contribution to almost all impacts. Furthermore, it is clear that CCS technologies are energetically demanding. [2] .
4) Sensitivity analysis
According to Singh's literature review, sensitivity analysis is performed for the CO 2 transport distance to understand the influence of the transport chain on the environmental impacts. The existing long-distance CO 2 pipelines range from about 100 km to 800 km. The infrastructure requirements for pipeline, recompressor units, and energy demand for the compression are dependent on the distance. Analysis show that transport over 500 km needs recompression. This leads to the fact that all environmental impacts are increased, and it also shows that, the environmental cost per mass unit of transported CO 2 is lower for systems that transport large amounts for long distances. The majority of the impacts come from the development of the transport infrastructures [3] .
5) Uncertainities For all CCS systems leakage is the one of the big concerns. According to the literature, leakage rates are usually between 1% and 0.00001% per year. The low leakage values are justified by the existence of natural underground CO 2 deposits. However, the geological reservoirs simulations show that the retained fraction in geological reservoirs is likely to exceed 99% over 1000 years [5] . Concerning the power plants with CCS, the most important uncertainty is the overall efficiency that is significantly decreased by the energy penalty resulting from solvent regeneration. For oxyfuel technology the air separation unit has a big energy demand [3] . Other significant uncertainties are NH3 emissions from MEA degradation. If these emissions would occur in an extended range, it could lead to impacts of eutrophication and acidification. Cost-effectiveness and optimistic expectations about CCS technologies lead to other uncertainties. It is very important to be aware of the public perceptions regarding large-scale technologies, because the public has a say whether these technologies are adopted or not. The public's acceptance depends on several factors, such as experience: namely prior experience with fossil fuel or other big industries. The knowledge and pre made misconceptions they have about the technology can influence the acceptance to a certain degree. The public tends to trust NGOs the most, and tends to trust stakeholders the least. The perceived costs are one of the biggest barriers for the application of such technologies. Society does not want to be charged for the costs of CCS because they feel that this technology is an end-pipe solution and is just a temporary solution. These costs combined with the perceived risks, such as CO 2 leakage and non-sustainable resource use, are the best predictors for the public acceptance. Even though the full life cycle-cost of CCS must be considered in an overall social, environmental, economic and political context, the direct cost associated with the application of CCS technologies is still very difficult to predict, based on the created benefits and associated costs. The actual CCS investment estimation exceeds the market price of carbon allowances. Based on the literature, because such types of plants have not been built yet, the estimated costs and assumptions create more doubts than certainties. However, the high costs and high-energy demand of the CCS technologies together with the uncertainty of the public acceptance are believed to be the main barriers for its wide implementation. In a nutshell, project managers should give fair and neutral information to the public to help them form their own opinion and make informed decisions about CCS technologies. Project managers should also keep in mind the local context of the project site and work on developing an ethical and trusted relationship with local society due to their social responsibility [12, 13, and 14] . And last but not least, there is raised the technical question of the constraints from the transport and storage point of view. It means there have not been environmental impacts of impurities investigated. Also, the regulatory of CO 2 purity requirements for storage does not exist [5] .
D. Some other environmental impacts
The other environmental impacts and consequences could be caused by:
• Leakage of CO 2 within the CCS system -It includes diffusion of CO 2 via different pathways as natural fractures, bore holes. In a local scale it can endanger shallow drinking water supplies and damage ecosystems; • Structural changes in the geological formations of the CO 2 underground storage -it can lead to microseismic activity; • Various environmental impacts along process chain as the solvent production and disposal, energy requirements for solvent regeneration or CO 2 transport [5] .
III. CONCLUSION
This paper is an outcome of literature review of recently done studies about using of CCS technologies in a context of LCA method. In conclusion we can assume that the life cycle GHG emissions from power plants are significantly reduced by the use of CCS technologies, which in turn lead the industry towards sustainability. CCS reduces GHG emissions, however it has other environmental and social burdens. Depending on the fuel used, it can increase the emissions of NO x , SO 2 , and PMs among other pollutants. Also, the energy penalty associated with CCS is increased; the energy demands depend on the technology. The perception of CCS technologies by the society varies widely; its acceptance depends on various factors such as previous experience with industry, preconceived ideas and/or misconceptions, trust in the stakeholders along with other factors. It is obvious that further detailed research in the field of environmental assessment is needed as a requirement for the optimization of CCS technologies. Therefore, LCA can provide results and several variations, which can indicate the weaknesses of CCS technology. This will lead to correct environmental assessment and further suggestions that belong to the whole package of the right technology performance.
